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Acquiring Information of Optical Inhomogeneity and Other 
Acquis a properties in Substances 

Background 

10,011 This application relates to non-invasive, optioal probing 
of various substances, including but not limited to skins, body 
tissues and organs of humans and animals. 

t0002, investigation of substances by non- invasive and optical 
m eans has been the object of many studies as inhomogeneity of 
Ught-matter interactions in substances can reveal their 
structural, compositional, physiological and biological 
information. Various devices and techniques based on optical 
coherence domain ref lectometry (OCDR) may be used for non- 
invasive optical probing of various substances, including but 
not limited to skins, body tissues and organs of humans and 
animals, to provide tomographic measurements of these 
substances . 

[0003] m many OCDR systems, a light source of broad spectral 
distribution, often termed as broadband source, low-coherence 
source, partially coherent source or white light source, is 
generally employed. Referring to Fig. 1. a conventional 
approach is to split the radiation of the source into two paths, 
one propagating to impinge on the substances under study, or 
, sample, while the other propagating towards a reference surface. 
The radiations reflected from the sample and from the reference 
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surface are then brought back to the same space and let 
interfere. Because of the wavelength-dependent phase delay the 
interference results in no observable interference fringes 
unless the two optical path lengths of the split radiations are 

, very similar, a physical mechanism for ranging. If the same 

device is used for both splitting and recombining the radiation 
we speak of a Michelson interferometer. The discoveries and the 
theories of the interference of partially coherent light is 
summarised by Born and Wolf in "Principles of Optics", Person 

10 Press, 1980. 
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i-„v,t- in free-space Michelson 
[00041 Low- coherence light in rree ay^ 

interferometers was first utilized for measurement purposes. 
With the advent of optical fibers modern interferometers are 
often constructed with fiber-optic components, leading to 
s flexible application of low-coherence light as means of 

characterizing substances. Various embodiments of the fiber- 
optic OCDR exist such as what is disclosed by Sorin et al in US 
Patent No. 5.202,745. by Marcus et al in US Patent No. 
5,659.392. by Mandella et al in US Patent No. 6,252.666. and by 
l0 Tearney et al in US Patent No. 6.421,164. The application of 
OCDR in medical diagnoses has come to known as -optical 
coherence tomography", or OCT. 

l0 005] Common to most of these and other implementations, the 
radiation from the low-coherence source is first physically 

„ parted to have two portions, one traveling down a sample 

waveguide to interact with the sample while the other traveling 
down a reference waveguide. The reflected radiation from the 
sa^le is later reconfcined with the reference light from the 
reference waveguide and let interfere, as typified by the 

2 o arrangement described in US Patent 6.421,164. 
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Summary 

[00061 The designs, techniques and exemplary implementations tor 
non-invasive optical probing described in this application use 
the superposition and interplay of different optical waves and 
modes propagating along substantially the same optical path 
inside one or more common optical waveguides. When one of the 
optical waves or modes interacts with the substance under study 
its superposition with another wave or mode can be used for the 
purpose of acquiring information about the optical properties of 
the substance . 

[00071 The methods and apparatus described in this application 
are at least in part based on the recognition of various 
technical issues and challenges, practical considerations in 
implementing OCDR in commercially practical and user friendly 
apparatus, and various technical limitations in OCDR systems 
disclosed by the above referenced patents and in other 

at- least one of disadvantages 
publications. As an example, at lease 

associated to the OCDR system designs shown in Fig. 1 or 
described in the aforementioned patents is the separation of the 
, reference light beam from the sample light beam. Due to the 
separation of the optical paths, the relative optical phase or 
differential delay between the two beams may experience 
uncontrolled fluctuations and variations, such as different 
physical length, vibration, temperature, waveguide bending and 
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so on. When the sample arm is in the form of a fiber-based 
catheter, in particular, the manipulation of the fiber may cause 
a significant fluctuation and drift of the differential phase. 
This lack of stable differential phase between the two beam may 
Xead to technical difficulties in phase sensitive measurements 
as absolute valuation of refractive indices and measurements of 
birefringence. 

[00081 in various examples described in this application, optical 
radiation is not physically separated to travel different paths, 
instead, all propagation waves and modes are guided along 
essentially the same optical path through one or more common 
optical waveguides. Such designs with the common optical path 
m ay be advantageously used to stabilize the relative phase among 
different radiation waves and modes in the presence of 
environmental fluctuations in the system such as variations in 
temperatures, physical movements of the system especially of the 
waveguides, and vibrations and acoustic impacts to the 
waveguides and system. This is in contrast to some other 
interferometers in which sample light and reference light travel 
in different optical paths, prone to noise caused by the 
variation in the differential optical path. The stability of the 
differential optical path, achieved in the invented system, is 
beneficial for some phase- sensitive measurement, such as the 
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determination of the absolute reflection phase and 
birefringence. 

10009! in various applications, it may be beneficial to acquire 
the absorption characteristics of the material in an isolated 
, volume inside the sample. In other case it may be desirable to 
BP the distribution of some substances identifiable through 
their characteristic spectral absorbance. In some OCDR systems 
such as systems in aforementioned patents. it may be difficult 
to perform direct measurements of the optical inhomogeneity with 
l0 regard to these and other spectral characteristics. The systems 
and techniques described in this application may be configured 
to allow for direct measurements of these and other spectral 
characteristics of a sample. 

10010] some implementations are listed below as examples. 
15 1. An apparatue for acquiring information of optical inhomogeneity in 
substances, said apparatus comprising: 

a) a light source, 

b) a waveguide that is capable of supporting at least two 
independent propagation modes, said waveguide carrying the light 
radiation from said light source to the vicinity of a sample 
under examination, 

c) a probe head that terminates said waveguide in the vicinity of 
said sample and reverses the propagation direction of a first 
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node in said waveguide while transmitting a second node to said 
sample, 

d) a differential delay modulator that varies the relative optical 
path length between said first node and said second node 
supported by said waveguide, 

e) a node combiner that superposes said first node and said second 
node by converting a portion of each said node to a pair of new 
nodes, 

f) a photo-detector or a plurality of photodetectors , 

g) an electronic controller in communication with said probe head, 
said differential delay modulator and said photo-detectors. 

An apparatus for acquiring information of optical inhomogeneity in 
substances, said apparatus comprising: 

a) a light source that emits radiation to excite two independent 
propagation nodes in a first waveguide capable of supporting at 
lease two independent propagation nodes, 

b) a light director that terminates the first waveguide with a 
first port and passes the light nodes entering said first port, 
at least in part, through a second port and passes the light 
nodes entering said second port, at least in part, through a 
third port, 
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o) a second waveguide that supports at least two independent 
propagation nodes and links the second port of the light 
director to 

d) a probe head that terminates the second waveguide and. in the 
vicinity of the sanple. reverse the propagation direction of one 
node while reshaping and delivering the other node to the sanple 
and gathering the reflected light from the sample back into the 
second waveguide, 
e) a differential delay modulator that connects to the third port 
of the light director through a third waveguide capable of 
supporting at least two independent propagation modes and 
inposes a variable path length and a variable phase delay on one 
nxxie relative to the other before conveying both nodes, through 
a fourth waveguide capable of supporting at least two 
independent modes, to 
£) a detection subsystem that superposes the two propagation nodes 
from the differential delay modulator to form two new nodes, 
mutually orthogonal; said two new nodes are terminated by two 
photo-detectors . 
The apparatus of Claim 2 wherein all the four waveguides are 
polarization-maintaining optical fibers capable of supporting two 
orthogonal polarization modes. 
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4. The apparatus of Claim 2 wherein the first, the third *n* the fourth 
waveguides are free spaoe while the seoond waveguide is a 
poUrization-maintaining optioal fiber capable of supporting two 
orthogonal polarization modes. 
5 5 . The apparatus of Claim 2 wherein all waveguides are free space. 

6. The apparatus of Claim 2 wherein the probe head comprises a lens, a 
polarizing beam splitter and a reflector, arrayed in such a way that 
said polarizing beam splitter diverts a first polarization node to a 
reflector, causing it to re-enter the second waveguide, while 
10 trending a second polarization m*e to the sample a*d collecting 
the reflected radiation from the sanple back the seoond waveguide. 
7. The apparatus of Claim 2 wherein the differential delay modulator 
consists of one or more segments of such tunable birefringent 
aerials as liquid crystal materials »d lithium niobate crystals in 
15 conjunction with such f i*ed birefrir^ent materials as <^rtz and 
rutile . 

8. The apparatus of Claim 2 wherein the differential delay modulator 
cerises a means of separating the radiation by modes and directing 
* „ through a fix path while directing the other through a variable 

20 path length device. 

9. The apparatus of Claim 8 wherein the variable path length device is a 
piezoelectric stretcher of a polarization-maintaining optical fiber. 
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10. The apparatus of Claim 8 wherein the variable path length device 
comprises two collimators both facing a mechanically movable 
retroreflector in such a way that the collimated light from one 
collimator is collected by the other through a trip to and from the 
retroref lector . 

11. The apparatus of Claim 8 wherein the variable path length device 
comprises two collimators optically linked through double passing a 
rotatable optical plate and bouncing off a reflector. 

12. The apparatus of Claim 2 wherein the light director is a 
polarization-preserving circulator that conveys the independent modes 
supported by the first waveguide to the corresponding independent 
roodes supported by the second waveguide without substantial mixing or 
cross coupling of modes and conveys the independent modes supported by 
the second waveguide to the corresponding independent modes supported 
by the third waveguide without substantial mixing or cross coupling of 
nodes. 

13. The apparatus of Claim 2 wherein the light director is a 
polarization insensitive beam splitter. 

14. The apparatus of Claim 2 wherein the detection subsystem comprises 
a polarizing beam splitter and two photo - detectors , said polarizing 
beam splitter oriented in such a way that each split radiation is a 
superposition of the two independent propagation modes in the fourth 
waveguide and is received by a photo-detector. 
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15. An apparatus for acquiring information of optical inhomogeneity in 
substances, said apparatus comprising: 

a) a broadband and polarized light source that is optically coupled 
to a first polarization-maintaining fiber capable of supporting 
two orthogonal polarization modes, 

b) a three-port polarization-preserving circulator that relays two 
orthogonal polarization nodes entering a first port to a second 
port while relaying two orthogonal polarization modes entering 
said second port to a third port, said first port terminating 
the first polarization-maintaining fiber, 

c) a second polarization-maintaining fiber that supports two 
orthogonal polarization modes; said second polarization- 
maintaining fiber is terminated at one end by the second port of 
the polarization-preserving circulator and at the other by 

d) a probe head that comprises a lens, a polarizing beam splitter 
and a retroreflector, arranged in such a way that said 
polarizing beam splitter reverses the propagation direction of 
one polarization mode by diverting it to said retroreflector 
while reshaping and delivering the other polarization mode to 
the sample and gathering the reflected light from the sample 
back the second polarization-maintaining fiber, 

e) a differential delay modulator that imposes a variable path 
length and a variable phase delay on one propagation mode in 
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reference to the other; said differential delay modulator is 
linked at one end to the third port of the light director and at 
the other to 

f ) a detection subsystem comprising a polarizing beam splitter and 
two photo-detectors; said polarizing beam splitter oriented in 
such a way that each split light wave is a superposition of the 
two polarization modes leaving the third port of the 
polarization-preserving circulator and is received by a photo- 

detector. 

16. The apparatus of Claim 15 wherein the differential delay modulator 
consists of one or more segments of such tunable birefringent 
aerials as liquid crystal materials and lithium niobate crystals in 
conjunction with such fixed birefringent materials as quartz and 
rutile . 

17. The apparatus of Claim 15 wherein the differential delay modulator 
comprises a means of separating the radiation by modes and directing 
one through a fix path while directing the other through a variable 
path length device. 

18. The apparatus of Claim 17 wherein the variable path length device 
is a piezoelectric stretcher of a polarization-maintaining optical 

fiber. 

19. The apparatus of Claim 17 wherein the variable path length device 
comprises two collimators both facing a mechanically movable 
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retroreflector in such a way that the collimated light from one 
collimator is collected by the other through a trip to and from the 
retroreflector . 

,. The apparatus o£ Claim 17 wherein the variable path length device 
cerises two collators optically linked through double passing a 
rotatable optical plate and bouncing off a reflector. 

1. An apparatus for acquiring infection of optical inhomogeneity in 
substances, said apparatus conprising: 

a) a light source, 

b) a waveguide that is capable of supporting at least two 
independent propagation nodes, said waveguide carrying the light 
radiation from said light source to the vicinity of a sample 
under examination, 

c) a probe head that terminates said waveguide in the vicinity of 
said sample and reverses the propagation direction of a portion 
of a first mode in said waveguide while transmitting the 
remainder to said sample meanwhile converting the reflected 
light collected from said sample to a second propagation mode, 
d) a differential delay modulator that varies the relative optical 
path length between said first mode and said second mode 
supported by said waveguide, 
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e) a node conoiner that supers said first node and said second 
node by converting a portion of each said node to a pair of hew 
modes, 

f) a photo-detector or a plurality of photodetectors , 

g) an electronic controller in communication with said probe head, 
said differential delay modulator and said photo - detectors . 

22. An apparatus for acquiring distribution of optical inhonogeneity in 
substances, said apparatus comprising: 

a) a light source that emits radiation to excite a propagation mode 
in a first waveguide capable of maintaining the mode, 

b) a light director that terminates the first waveguide with its 
first port and passes the light mode entering said first port, 
at least in part, through a second port and passes the light 
modes entering said second port, at least in part, through a 
third port, 

c) a second waveguide that supports at least two independent 
propagation modes and links the second port of the light 
director to 

d) a probe head that reverses the propagation direction of the 
light in part and transmits the remainder to the sample 
meanwhile transforming the collected light from the sample 
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reflection to an orthogonal mode supported by the second 
waveguide, 

e) a differential delay modulator that connects to the third port 
of the light director through a third waveguide capable of 
supporting at least two independent propagation modes and 
imposes a variable phase delay and a variable path length on one 
mode in reference to the other before conveying both modes, 
through a fourth waveguide capable of supporting at least two 
independent modes, to 
f ) a detection subsystem that superposes the two propagation modes 
from the fourth waveguide to form two new modes, mutually 
orthogonal; said two new nodes are terminated by two photo- 
detectors . 

23. The apparatus of Claim 22 wherein all the four waveguides are 
polarization-maintaining optical fibers capable of supporting two 
orthogonal polarization modes. 

24. The apparatus of Claim 22 wherein the first, third and fourth 
waveguides are free space while the second waveguide is a 
polarization-maintaining optical fiber capable of supporting two 
orthogonal polarization modes. 

25. The apparatus of Claim 22 wherein all waveguides are free space. 

26. The apparatus of Claim 22 wherein the probe head consists of an 
uncoated or coated termination of a polarization-maintaining fiber to 
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have a finite reflectance, a lens and a quarter-wave plate or a 
Faraday rotator, all in a series. 
27. The apparatus of Claim 22 wherein the differential delay modulator 
consists of one or more segments of such tunable birefringent 
materials as liquid crystal Aerials and lithium niobate crystals in 
conjunction with such fixed birefringent materials as quartz and 
rutile . 

28. The apparatus of Claim 22 wherein the differential delay modulator 
cerises a -r*ans of separating the radiation by modes and directing 
cne through a fix path while directing the other through a variable 
path length device. 

29. The apparatus of Claim 28 wherein the variable path length device 
is a piezoelectric stretcher of a polarization-maintaining optical 
fiber. 

30. The apparatus of Claim 28 wherein the variable path length device 
comprises two collimators both facing a mechanically movable 
retroreflector in such a way that the collimated light from one 
collimator is collected by the other through a trip to and from the 
retroreflector. 

31. The apparatus of Claim 28 wherein the variable path length device 
comprises two collimators optically linked through double passing a 
rotatable optical plate and bouncing off a reflector. 
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The apparatus of Claim 22 wherein the light director is a 
polarization-preserving circulator that conveys a mode supported by 
the first waveguide to one of the modes supported by the second 
waveguide and conveys the independent modes supported by the second 
waveguide to the corresponding independent modes supported by the 
third waveguide. 

3. The apparatus of claim 22 wherein the light director orrises: 
a) a polarization-maintaining circulator that conveys a 

polarization mode entering a first port to a second port, 
causing no change in the state of polarization, aid conveys the 
polarization mode entering said second port to a third port, 
causing no change in the state of polarization, 
b) a first polarizing beam splitter that is connected to the second 
port of the polarization-maintaining circulator and separates 
the light into two different paths by state of polarization, and 
c, a second polarizing beam splitter that is connected to the third 
port of the polarization-maintaining circulator and separates 
the light into two different paths by state of polarization. 

34. The apparatus of Claim 22 wherein the light director is a 
polarization-insensitive beam splitter. 

35. The apparatus of Claim 22 wherein the detection subsystem comprises 
a polarizing beam splitter oriented in such a way that each split 
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radiation is a superposition of the two independent propagation nodes 
in the fourth waveguide and is received by a photo-detector. 

An apparatus for acquiring distribution of optical inhomogeneity in 
substances, said apparatus comprising: 

a) a broadband and polarized light source that is optically coupled 
to one of the polarization modes supported by a first 
polarization-maintaining fiber, 

b) a polarization-preserving oiroulator that conveys a polarization 
node entering a first port linked to the first polarization- 
maintaining fiber to a second port linkable to a polarization- 
maintaining fiber and conveys two orthogonal polarization modes 
entering said second port to a third port linkable to a 
polarization maintaining fiber without appreciable mode mixing 
or coupling, 

c) a second polarization-maintaining fiber that supports two 
orthogonal polarization modes; said second polarization- 
maintaining fiber is terminated at one end by the second port of 
the polarization-preserving circulator and at the other by 

d) a probe head that comprises an uncoated or coated termination of 
the second polarization-maintaining fiber to have a finite 
reflectance, a lens and a quarter-wave plate or a Faraday 
rotator arranged in a series, 
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e) a differential delay modulator that imposes a variable path 
length and a variable phase delay on one propagation mode in 
reference to the other; said differential delay modulator is 
linked at one end to the third port of the light director and at 
the other to 

f ) a detection subsystem comprising a polarizing beam splitter and 
two photo-detectors; said polarizing beam splitter oriented in 
such a way that each split light wave is a superposition of the 
two polarization modes leaving the third port of the 
polarization-preserving circulator and is received by a photo- 

detector. 

37. The apparatus of Claim 36 wherein the differential delay modulator 
consists of one or more segments of such tunable birefringent 
materials as liquid crystal materials and lithium niobate crystals in 
conjunction with such fixed birefringent materials as quartz and 
rutile . 

38. The apparatus of Claim 36 wherein the differential delay modulator 
comprises a means of separating the radiation by modes and directing 
one through a fix path while directing the other through a variable 
path length device. 

39. The apparatus of Claim 38 wherein the variable path length device 
is a piezoelectric stretcher of a polarization-maintaining optical 
fiber. 
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40. The apparatus of Claim 38 wherein the variable path length device 
emprises two collimators both facing a mechanically movable 
retrorsflector in such a way that the collimated light from one 
collimator is collected by the other through a trip to and from the 
retroref lector . 

41. The apparatus of Claim 38 wherein the variable path length device 
prises two collimators optically linked through double passing a 
rotatable optical plate and bouncing off a reflector. 

42. The apparatus of Claim 1. further comprising a tunable band pass 
filter, inserted in one of the four waveguides. 

43. The apparatus o£ Claim 2, further comprising a tunable band pass 
filter, inserted in one of the four waveguides. 

44. The apparatus of Claim 15, further comprising a tunable band pass 
filter, inserted in one of the four polarization-maintaining fibers. 

45. The apparatus of Claim 21, further comprising a tunable band pass 
filter, inserted in one of the four waveguides. 

46. The apparatus of Claim 22. further comprising a tunable band pass 
filter, inserted in one of the four waveguides. 

47. The apparatus of Claim 36, further co^rising a tunsble band pass 
filter, inserted in one of the four polarization-maintaining fibers. 

48. The apparatus of Claim 43 wherein the source spectrum 
covers some characteristic absorption peaks of glucose in an 
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infrared wavelength range for the determination of glucose 
concentration in the dermis layer of human skin. 
49. The apparatus of Claim 46 wherein the source spectrum 

covers some characteristic absorption peaks of glucose in an 
infrared wavelength range for the determination of glucose 
concentration in the dermis layer of human skin. 
[00111 Exemplary implementations are described below to 
illustrate various features and advantages of the systems and 
techniques. One of such features is methods and apparatus for 
xo acquiring information regarding optical inhomogeneity in 
substance by a non- invasive means with the help of a low- 
coherence radiation. Another feature is to achieve high signal 
stability and high signal-to-noise ratio by eliminating the need 
of splitting the light radiation into a sample path and a 
1S reference path. Addition features include, for example, a 
platform on which phase-resolved measurements such as 
birefringence and absolute refractive indices can be made, 
capability of acquiring optical inhomogeneity with regard to the 
spectral absorbance, solving the problem of signal drifting and 
20 fading caused by the polarization variation in conventional 
interferometers, and an effective use of the source radiation 
with simple optical arrangements. The advantages of enhanced 
performance and apparatus reliability, simplified operation and 
maintenance, simplified optical layout, reduced apparatus 
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complexity, reduced manufacturing complexity and cost, and 
others may be achieved by the systems and techniques described 

here. 

[0012] These and other features, system configurations, 
5 associated advantages, and implementation variations are 
described in detail in the following drawings, textual 
description, and claims. 
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Petailed Description 
C0013) Fig. 2 shows one example of a system for acquiring 
information of optica! inhon^eneity in stances. Light radiation 
from broadband light source 201 is coupled into the first dual- 
„„de waveguide 271 to excite two orthogonal propagation modes. . 
001 and 002. Light director 210 directs the two modes to the 
3 econd dual -mode waveguide 272 that is terminated by probe head 
220. The first function of the probe head is to reverse the 
propagation direction of mode 001 in waveguide 272, the second 
function of the probe head is to reshape and delivered the light 
in mode 002 to the sample 205 which may be placed on a sample 
holder; and the third function of the probe head is to collect 
the light reflected from the sample back the second dual-mode 
waveguide 272. The back traveling light in both modes is then 
directed by light director 210 to the third waveguide 273 and 
further propagates towards differential delay modulator 250. The 
differential delay modulator is capable of varying the relative 
optical path length and optical phase between mode 001 and 002. 
Finally detection subsystem 260 superpose the two propagation 
modes to form two new modes, mutually orthogonal, to be received 
by photo -detectors. 
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[0014] m the example shown in Pig. 2, Che superposition of 
the two modes in the detection subsystem allows range detection. 
The light entering the detection subsystem in mode 002 is 
reflected by the sample, bearing information about the optical 
inhomogeneity of the sample, while the other mode, 001, 
bypassing the sampie inside probe head 220. So long as these two 
mode remain independent through the waveguides their 
superposition in the detection subsystem yields the same 
information about the sample as with a conventional Michelson 
interferometer . 
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10015] For the simplicity of the analysis, let us first 
consider a thin slice of the source spectrum by assuming that 
the amplitude of mode 001 is E„, and that of mode 002 is B„, in 
the first waveguide 271. The sample can be characterized by an 
effective reflection coefficient r that is complex in nature; 
the differential delay modulator 350 can be characterized by a 
pure phase shift r exerted on mode 001. Let us now superpose the 
two modes by projecting them onto a pair of new modes, 
represented by a 45 degree rotation in the vector space, we get 



E^A^^E^+rE^y. 
E,=-^(e*E m -rE^)- 



(l) 



in deriving the above equation it has been assumed that all 
components in the system, except for the sample, are lossless. 
The resultant intensities of the two superposed modes are 

/, =ife, + El al +\r\E m E m cc*(T- V )\; (j) 

/. + E l*K- I r I £ »l £ "» C ° S(r ~ ' 

where <? is the phase delay associated with the reflection from 
the senile. A convenient way to characterize the reflection 
coefficient r is to measure the difference of the above two 
intensities, i.e. 

I A -I B =\r\E w E wl cos{T-<p). (3) 
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If T is modulated by differential delay modulator 250, the 
measured signal, Eq. (3) , is modulated accordingly. For either a 
periodic or a time-linear variation of T, the measured responds 
with a periodic oscillation, its peak-to-peak; value being 
5 proportional to the absolute value of r. 

[0016] For a broadband light source, we must consider the two 
phases, T and <p, wavelength dependent. If the two modes 
experience significantly different path lengths when they reach 
the detection system, the overall phase angle, T - <p, must be 

10 significantly wavelength dependant as well. Consequently the 

measured signal, being an integration of Eq. (3) over the source 
spectrum, yields a smooth function even though T is being 
varied. The only condition for a significant oscillation to 
occur in the measured signal is when the two modes experience 

is very similar path lengths at the point of their superposition. 
In this case the overall phase angle, T - <p, becomes wavelength 
independent or nearly wavelength independent. In other words, 
for a given relative path length set by the modulator 2 50, an 
oscillation in the measured signal indicates a reflection, in 

20 the other mode, from a distance that equalizes the optical path 
lengths traveled by the two modes. Therefore the system depicted 
in Fig. 2 can be utilized for ranging reflection sources. 
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[00 17] Due to the stability of relative phase between the two 
modes, 001 and 002, phase-sensitive measurements can be 
performed with the invented system with relative ease. The 
following describes a scheme for the determination of the 
absolute phase associated with the radiation reflected from the 
sample . 

[0018] The scheme involves generating a sinusoidal modulation 
in the differential phase by means of differential delay 
modulator 250, with magnitude M and frequency O. so that we can 
rewrite the measured as follows: 

h-I,=\r\ E„,E m cos[M sin(£lr) - <p\ . W 
It is clear from Eg. (4) that the measured exhibits an 
oscillation form that contains a base frequency of O and its 
harmonics. The amplitudes of the base frequency and each of the 
harmonics are related to , and |r|. It is straightforward to 
derive the mathematical expressions for the relationships 
between r and the harmonics. For instance, the amplitude of the 
base- frequency oscillation and the second harmonic can be found 
from Eq. (4) to be: 
3 ^-S™W.(*OM«ta*. l5a) 

/i 2n = £oo,W 2 (^)IHcOSp, (5b) 

where Ji and J 2 are Bessel functions of the first and second 
order, respectively. From Eq. (5a) and (5b) one can solve for 
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\r\ and q>, i.e. the complete characterization of r. We can 
therefore completely characterize the complex reflection 
coefficient r by analyzing the harmonic content of various 
orders in the measured signal. In particular, the presence of 
5 the base- frequency component in the measured is due to the 
presence of q>. 
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io [0019] An implementation of the system depicted in Fig. 2 is 
shown in Fig. 3. The spectrum of source 201 should be chosen to 
satisfy the desired ranging resolution. The broader the spectrum 
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is the better the ranging resolution. Some semiconductor 
superluminescent light emitting diodes (SLED) and amplified 
spontaneous emission (ASE) sources may possess the appropriate 
spectral properties for the purpose. Polarization controller 302 
5 is used to control the state of polarization in order to 

proportion the magnitudes of the two modes, 001 and 002, in 
waveguide 371. Dual-mode waveguides 371, 372 and 373 are capable 
of supporting two independent polarization modes which are 
mutually orthogonal . One kind of practical and commercially 

io available waveguide is the polarization maintaining optical 
fiber. A polarization maintaining fiber can carry two 
independent polarization modes, namely, the s-wave polarized 
along its slow axis and the p-wave polarized along its fast 
axis. In good quality polarization maintaining fibers these two 

15 modes have virtually no energy exchange, or coupling, for very 
substantial distances. Polarization preserving circulator 310 
directs the flow of optical waves according to the following 
scheme: the two incoming polarization modes from fiber 371 are 
directs to fiber 372; the two incoming polarization modes from 

20 fiber 372 are directed to fiber 373. Polarization-preserving 

circulator 310 is ideally required to maintain the separation of 
the two independent polarization modes. For instance, the s-wave 
in fiber 371 should be directed to fiber 372 as s-wave or p-wave 
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only. Certain commercially available polarization-preserving 
circulators are adequate for the purpose. 
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[0020] The details of the probe head is shown in Fig. 4. Lens 
system 321 is to concentrate the light energy into a small area, 
facilitating spatially resolved studies of the sample in a 
lateral direction. Polarizing beam splitter 423 is used to 
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transmit radiation in one polarization mode, 002 shown, to the 
sample while diverting the other to reflector 424, that can be 
simply a coating on one side of beam splitter 423. Reflector 424 
should be aligned to allow the reflected radiation to re-enter 
polarization-maintaining fiber 372. 

[0021] A number of hardware choices are available for 
differential delay modulator 250, either mechanical or non- 
mechanical. A non-mechanical type may consist of one or more 
segments of tunable birefringent materials such as liquid 
crystal materials and lithium niobate crystals in conjunction 
with fixed birefringent materials such as quartz and rutile. A 
mechanical device can be constructed by first separating the 
radiation by polarization mode with a polarizing beam splitter, 
one polarization mode propagating through a fix path while the 
other propagating through a variable path consisting of a 
piezoelectric stretcher of polarization maintaining fibers, or a 
pair of collimators both facing a mechanically movable 
retroreflector in such a way that the light from one collimator 
is collected by the other through a trip to and from the 
retroreflector, or a pair collimators optically linked through 
double passing a rotatable optical plate and bouncing off a 
reflector. 

[0022] Superposition of the two independent polarization 
modes in the detection subsystem occurs when the two modes reach 
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polarization beam splitter 361. Bean, splitter 361 is preferably 
oriented in such a way that, for each independent polarization 
^oa. the two split portions possess the same amplitude. This 
way. each photo-detector receives a superposed mode 
characterized by Eq. (1) . This can be accomplished by rotating 
polarizing beam splitter 361 so that the incident plane of its 
reflection surface make a 45 degree angle with one of the two 
independent polarization mode, 001 or 002. 
[00231 To use the above-mentioned optical system for 
measuring and displaying the optical inhomogeneity of a 
S ubstance one needs to add control electronics. Differential 
delay modulator 250. under the control of the electronics and 
programs, generates a form of differential phase modulation as 
the differential path length scans through a range that matches 
a range of depth inside the sample. The electronic controller is 
also programmed to record and extract the amplitude of the 
oscillation in the measured signal characterized by Eq. (3) at 
various differential path lengths generated by 250. One thus 
acquires a profile of reflection as a function of depth, a one- 
dimensional representation of sample inhomogeneity. 
[0024] For acquiring two-dimensional images of optical 
inhomogeneity in the sample, the probe head should be controlled 
so that the probing light scans in a lateral direction, 
perpendicular to the light propagation direction. For every 
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increment o£ the lateral scan a profile o£ reflection as a 
function of depth can be recorded with the method described 
above. The collected information can then be displayed to form a 
cross-sectional image that reveals the inhomogeneity of the 
sample . 
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[002S] Alternative to the design shown in Fig. 2. the optical 
« arrangement depicted in Fig. 5 can be utilized for the same 

purpose, in this arrangement radiation from light source 201 is 
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coupled to one mode supported by mode maintaining waveguide 571. 
Light director 510 serves similar functions as 210 to convey the 
mode from 571 to one of the two modes supported by dual -mode 
waveguide 271. Dual-mode waveguide 271 is terminated at the 
s other end by probe head 530 that performs these functions: a) to 
reverse the propagation direction of a small portion of the 
incoming radiation in mode 001; b) to reshape the remaining 
radiation and transmit it to the sample; and c) to convert the 
radiation reflected from the sample to an independent mode, 002 
l0 shown, supported by dual-mode waveguide 272. Now there are two 
modes propagating away from the probe head, mode 001 that 
bypasses the sample and mode 002 that originates from sample 
reflection, in co^lete analogy to what occurs in the system 
shown in Fig. 2. The rest of components in this system also 
1S function the same way as their counterparts in Fig. 2. 

[0026] This alternative design, shown in Fig. 5. can be 
implemented with practical consents in an arrangement depicted 
by Fig. 6. Radiation from broadband light source 205 is further 
polarized and controlled by polarization controller 602 so that 
a polarization mode is excited in polarization-maintaining fiber 
371. Light director 610 conveys the polarization mode to one of 
the two polarization modes supported by polarization-maintaining 
fiber 372. This mode further propagates towards the probe head 
530. 
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[0027] One of the possible designs for the probe head 530 is 
depicted Fig. 7. In this design, the termination of 

5 polarization-maintaining fiber 372 is used as partial reflector 
632. An uncoated termination of an optical fiber reflects 
approximately 4% of the light energy. Coatings can be used to 
alter the reflectivity of the termination to a desirable value. 
Lens system 731 reshapes and delivers the remaining radiation to 

10 sample 205. The other role played by lens system 731 is to 
collect the radiation reflected from sample 205 back into 
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polarization-maintaining fiber 372. Quarter wave plate 733 is 
oriented so that its optical axis make a 45 degrees angle with 
the polarization direction of the transmitted light. Reflected 
light from the sample propagates through 733 once again to 
become polarized in a direction perpendicular to mode 001. i.e. 
m ode 002. Quarter wave plate 733 can be replaced by a Faraday 
rotator . 
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[0028] Because there is only one polarization mode enters 
polarization-preserving circulator 610 from waveguide 371. 
circulator 610 can be constructed with more common optical 
components as shown in Fig. 8. Polarization-maintaining 
circulator 811 is used to convey only one polarization mode 
among its three ports, rather than both modes as in the case 
sh own in Pig. 3. Two additional polarizing beam splitter 812 and 
813 are coupled to polarization-maintaining 811 so that both 
polarization modes entering Port 2 are conveyed to Port 3 and 
remain independent . 
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[0029] In cases it is beneficial to obtain information about 
certain substances, identifiable through their spectral 
absorbance, dispersed in the samples. For this purpose a tunable 
bandpass filter is added to the systems, as shown in Fig. 2 and 
Fig. 5. The role of the tunable bandpass filter is to allow a 
variable portion of the source spectrum to pass while measuring 
the distribution of the complex reflection coefficient with the 
method described previously. 
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(0030, Referring to Fig. 9, let us assume that we would like 
to acquire the absorption characteristics o£ a layer bounded by 
interfaces I and II. For the simplicity of description let us 
assume that the spectral absorption of the substance in the 
lay er is characterized by a wavelength dependent attenuation 
coefficient »M and that of other volume is characterized by 
»M. Let us further assume that the substance in the vicinity 

„ __ offprtive and wavelength 
of interface I (II) possesses an effective an 

independent reflection coefficient r x (r X x) • « the 
characteristic absorption of interest is covered by the spectru. 
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~ a filter with bass band tunable 

of the light source we can use a filter wiun 

across the characteristic absorption as shown in Fig. 11. First, 
one should adjust differential delay modulator 250 so that the 
path length traveled by mode 001 matches that of radiation 
reflected from interface I in mode 002. At this point one can 
scan the pass band of filter 903 while recording the oscillation 
of the measured signal due to a periodic differential phase 
generated by 250. The oscillation amplitude as a function of 
wavelength is given by 



10 



[0031] A,W.r,**»* (6> ^ 

where z r is the distance of interface I measured from the top 
surface of the sample. Now if we readjust differential delay 
a modulator 250 so that the path length traveled by mode 001 

etches that of radiation reflected from interface I! in mode 
002 and repeat the measurements, we get 



[0032] A„(k)=r„e 



20 



where z„ is the distance of interface II measured from interface 
I. To acquire the absorption characteristics of the layer of 
interest one can divide Eq. (7) 'by Eq. (6) to obtain 
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A„(X) _ r„ -2 Mt ( A)*„ ( 8 ) 

100331 M»-T, e 



We have thus acquired, with Eg. (8), the absorption 
s characteristics of the layer of interest only. 

[0034] It should be noted that the pass band of the filter 
should be narrow enough to resolve the absorption 
characteristics of interest and at the meantime broad enough to 
differentiate the layer of interest. Let us take an example to 
„ see whether this is reasonable and practical . 

[00351 It is known that some predominant glucose absorption 
peaks in blood reside in a wavelength range between 1 and 2 . 5 
roi crons. The width of these peaks are approximately 150 nm. To 
resolve the peaks we can choose the bandwidth of the tunable 
„ bandpass filter to be around 30 nm. The depth resolution is 
determined by the following equation: 



20 Therefore, using the system depicted in Fig. 9 one can determine 
the absorption characteristics of the glucose in tissue layers 
no less than 60 nm thick. It is well known that human skin 
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consists of a superficial epidermis layer that is typically 0.1 
« thick, underneath epidermis is the dermis, approximately 1 mm 
thick, where glucose concentrates in blood and interstitial 
fluids. The above analysis indicates that it is possible for us 
co use the apparatus shown in Fig. 9 to isolate the absorption 
characteristics of the dermis from that of the epidermis and 
other layers. 
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10036] It is dear from Eq. (9) that the product of spectral 
resolution and layer resolution is a constant for a given center 
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wavelength X.. The choice cf the filter bandwidth should be made 
based on the tradeoff between these two resolutions against the 
specific requirements of the measurement. 
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[0037] A tunable bandpass filter can also be added to the 
optical system depicted in Fig. 5, as shown in Fig. 10. It can 
be operated the sample way as described above to acquire the 
absorption characteristics of an isolated volume inside a 
sample. Fig. 11 illustrates the operation of the tunable 
bandpass filter which selects a narrow spectral band within the 
spectrum of the light source to measure the spectral feature of 
the sample. 
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FIG. 12 



100331 FIG. 12 further shows a system for acquiring information of 
optical inhc^geneity and other properties in substances with only one 
propagation mode inside waveguides. In the design depicted by Pig. 
12, broadband or low-coherence light from Broadband Light Source 
101 is directed to Probe Head 120 by means of polarization- 
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maintaining waveguides 171 and 172. A partial reflector in the 
Probe Head reverses the direction o£ a small portion of the 
light, creating Radiation 1, while transmitting the remainder to 
Sample 105. Backscattered or reflected light, or Radiation 2. 
. from Sa^le is collected by Probe Head and traveling towards 

Light Director 110 which conveys the light to Beam Splitter 130. 
,0039] Beam Splitter 130 splits the light into two parts, one 
propagating towards Polarization Beam Splitter ISO directly 
while the other propagating through Variable Delay Line 140 
„ before reaching 150. Polarization Beam Splitter ISO splits the 
combined light into two parts, orthogonal in polarization to one 
another, that are received by two photo detectors. 161 and 162. 
[00401 Different from the previous examples, the light 
reflected from Partial Reflector in Probe Head 120. Radiation 1. 
„ has the same polarization as the light collected from the 

sample. Radiation 2. Therefore both Radiation 1 and 2 travel in 
the same propagation mode in the waveguides, 172 and 173. Each 
of the optical radiation is split into two parts by 130. As 
Radiation 1 and 2 are reflected from different locations they 
M experience different optical path lengths when reaching Beam 

Splitter 130. The effect of Variable Delay Line 140 is to add an 
adjustable amount of delay, relative to the other split light in 
Waveguide 174 . 
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[0 04U variable Delay Line 140 can be adjusted so that the 
partial Radiation 1 reaching Polarization Beam Splitter 150 from 
waveguide 176 can be made to experience a similar optical path 
iength as the partial Radiation 2 reaching 150 from waveguide 
X74. Their superposition at the photo detectors causes 
measurable intensity variation as their relative path length is 
being varied by 140. This variation can be utilized to retrieve 
information regarding sample inhomogeneity and other properties. 
[0042] An implementation of the system using polarization 
maintaining optical fibers is shown in Fig. 13. Optical 
radiation reflected from Partial Reflector 222 and from Sample 
205 travel in Polarization-Maintaining (FN) Fiber 272 in the 
same mode. The main portions of Radiation 1 and 2 are deflected 
to Mirror 1 while the remaining portions are directed to Mirror 
2 by Beam Splitter 230. 
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t0 04 31 The incident plane of Polarizing Beam Splitter 250 can 
. be made to have an finite angle with respect to the polarization 
directions of light from both Mirror 2 and Variable Delay Line 
240. That way, light energies received by both detectors are 
superposition of the two radiations, i.e.. Radiation 1 and 
Radiation 2. It should be appreciated that the linkage between 
10 230 and 250 can be made by means of optical fibers, eliminating 
the two mirrors. 
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10044] m FIGS . 12 and 13, the spacing between the optical 
h ead and the sample tnay be greater than the sample depth o£ 
interest so that, upon reaching 250. the partial Radiation 1 
experiences optical path length similar only to that o£ partial 
Radiation 2. In other words, split parts of the same radiation 

do not experience similar optical path length during the 

operation of the system. 

[0 045] A possible optical arrangement for the Probe Head is 
shown in Fig. 14- The partial reflector can be realized with a 
partially reflective fiber termination. An uncoated fiber tip 
has a reflectivity of approximately 4%. Optical coating can be 
used to change the reflectivity to a desirable value. 
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FIG. 14 



10046] The reflectance o£ the fiber termination should be 
chosen based on several factors. In one respect. Radiation 1 
should be strong enough so that its superposition with Radiation 
2 creates adequate intensity variation. On the other hand. 
Radiation 1 should not be too strong as it may overwhelm the 
photodetectors. prohibiting the used of high gain in the 
detection systems. For optimized operation of the system, one 
n,ay want to choose the reflectance of the fiber termination to 

be comparable to the total light collected by the fiber from the 

sample . 
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[0047] in order to resolve the spectral information from the 
sample a detection system with gratings and detector arrays can 
be used, as shown in Fig. 15. In this arrangement, Grating 1 and 
Grating 2 disperse the light by wavelength. Each detector 
elements in Detector Array 1 and Detector Array 2 receives light 
in a small wavelength interval. By summing up photocurrent from 
all elements in an array one gets a signal equivalent to a 
single detector as shown in Fig. 13. By selectively measuring 
the photocurrent from individual or a group of elements in an 
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array one can acquire spectral information of the sample, in a 
similar way as using a bandpass filter in the previous 
disclosure 

10048] in all the above-mentioned examples for optical 
5 designs and implementations, there is a common and important 

feature, i.e. both the sample light and reference light, in the 
form of two independent modes, travel in the same waveguides 
except for the extra distance traveled by the probing light 
between the probe head and the sample. This feature stabilizes 
10 the relative phase, or differential optical path, between the 
sample light and the reference light, even in the presence of 
mechanical movement of the waveguides. This is in contrast to 
conventional interferometers in which sample light and reference 
light travel in different optical paths, prone to noise caused 
1S by the variation in the differential optical path. The stability 
of the differential optical path, achieved in the invented 
system, is beneficial for some phase-sensitive measurement, such 
as the determination of the absolute reflection phase and 
birefringence . 

20 [0049] in each system described here, a lateral scanning 
mechanism may be implemented to change the relative lateral 
position of the optical head and the sample to obtain a 2- 
dimensional map of the sample. A xy-scanner, for example, may 
be engaged either to the optical head or to a sample holder that 
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holds the sample to effectuate this scanning in response to a 
position control signal. 



10 
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[0050] This application further describes variable optical 
delay devices illustrated in FIGS. 16A and 16B. Such a device 
ma y be used to change the optical path length of a light beam at 
high speeds. Such devices have various application. For 
example, fast change of optical path length is desirable in 
various optical instruments such as interferometers. In 
addition, the optical systems in this application may use such a 
delay device. 

,0051] m the device shown in FIG. 16A, the input light beam 
impinges on and transmits through the rotating Optical Plate. 



-52- 



U.S. PROVISIONAL APPLICATION 
ATTORNEY DOCKET NO. 17370-004P01 

Th e Mirror placed on the opposite side of the Optioai Plate is 
perpendicular to the light bean-. The reflected light beam traces 
the same optical path back traveling until it encounters the 
Bean, Splitter. The Beam Splitter deflects part of the back 
5 traveling light to a different direction as the output beam. 

C0052] The variation of the optical path length is caused by 
the rotation of the Optical Plate. The Optical Plate should be 
^e of good quality optioai material. The two optical surfaces 
should be flat and well polished to minimize distortion to the 
„ light beam. In addition, the two surfaces should be parallel to 
one another so that the light propagation directions on both 
sides of the optical Plate are parallel. The thickness of the 
optical Plate should be chosen according to the desirable delay 
variation and range of rotation angle. 
„ [00=3, The optical path length experienced by the light beam 
is determined by the rotation angle of Optical Plate. When the 
surfaces of the Optical Plate is perpendicular to the light beam 
(incident angle is zero, , the path length is at its minimum. The 
path length increases as the incident angle increases. 
20 [0054, It may be beneficial to collimate the input light beam 
so that it can travel the entire optical path without 
significant divergence. The Optical Plate can be mounted on a 
„tor for periodic variation of optical delay. Good quality 
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mir ror with flat surface should be used. The Mirror should 
raaintain its perpendicular orientation to the light bean, 
[0055 ] If a linearly polarised light is use, it is beneficial 
to have the polarization direction of the light parallel to the 
. incident plane (in the plane of the paper, as less reflection 
occurs at the surfaces of Optical Plate for this polarization 
compared to other polarization directions. Antiref lection 
coatings can be used to further reduce the light reflection on 
the surfaces of the Optical Plate. 
„ [00S6] Using beam splitter shown in Fig. 16X. a maximum of 
25 % of the total input light remains in the output light as the 
light beam encounters the Beam Splitter twice, losing half of 
Che light energy each time. To overcome this drawback an optical 
circulator can be used in place of the beam splitter, as shown 
15 in Fig. 16B. 



20 

FIG. 16B 
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] Mirror 



Rotating Optical Plate 



Input light 
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Output light with 
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10 



[0057] The Optical Circulator shown in Fig. 2 is such a 
device that nearly all light entering Port 1 exits from Port 2 
while nearly all light entering Port 2 exits from Port three. 
The optical loss of this alternative configuration is nominally 
zero. Commercially available optical circulators, either free- 
space or fiber-based, can be used for the purpose. 
[0058] Additional features and implementations are further 
described in the Attachments I and II below. 
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Attachment I 



*. rented method and apparatus axe for the purpose of acquiring by -ans of a 
^st^ve process, inages which reveal optica! inhc^geneity „ a vo!^ of 

substances. . _ _ _____ 

The invented apparatus embodies the physical prxncxple of range 
section by means of the interference of low-coherence light and optical 
pha se detection by means of a phase modulation scheme. A possible 
implementation of the system is shown in Fig. 1. 



broadband 
light source 

___. 



, phase 
polarizer 1 modulator 

_Z 



dual-mode 
waveguide 1 



light router 



dual-mode 
waveguide 2 




detector polarizer 2 



polarization-selective^ 
reflector 

sample 



10 



is 



Figure 1 

nation fx. the Broad*-* tt** S^ree <So_ee> is tranced thresh 

__TTi__h__ wave^de X <«ave^de _ . *. Optic! ***** Modulator - 
^ T^ate the optical phase of _** to the other. 

(— . airecte 1*. waves rroa Wave^de a to — wave^de a 
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« veouide 2) At the end of Waveguide 2. the Lens System collides or focuses the light 
~Z I'Z Z ***** — is reflected back to Waveguide 2 by the Polar™ 

1 lectoH^ while the other node is transmitted to impinge on the sample, 
selective Reflector (PSR) wruie cne ^ llecte d by the Lens System to 

or sca ttered the light from the sample is collected ay tne l&u, 
Back reflected or scattered * reflected by PSR. The Router directs 

- i-he Router along with the light retleccea oy r» 

^d* 3. The Action of the V- i. » !— » — — - 

bod. of O. ^ided .eves onto the sane pnXsrization airection so that the 
Z^ Htic* path Terence a- the optic* phase ai— «~ the . 
nation nodes cause intensity variations, detectable by the Detector. 

tt. spectra o£ the Source .mist be broad enough in order for the 
s^tem to have sufficient ranging resolution. Some semiconductor light 
Ltting diodes am and anplitied spontaneous emission CASE, sources 
possess the appropriate spectra! properties for the purpose, the 
viator «st fa. the variable waveplate type. In other words, the 
^Xator should vary the optical phase in one guided wave wit* reject 
to the other. Electro-optic materials such as LiNbO, crystal and MI 
ceramic can be used to construct this kind of modulators. The dual-node 
waveguides (Wavegiide 1 to 3, ™st be able to support two 
propagation modes which are mutually orthogonal to one another. C*e kind 
It practical and co^rcially available waveguide is the polarization 
naintaining optical fiber. A polarization retaining fiber can carry two 
, propagation modes, nan*ly, the s-wave polarized along its slow axis and 
the P -wave polarized along its fast axis. In good <^lity polarization 
maintaining fibers these two modes have virtually no energy exchange « 
coupling. The Router directs the flow of optical waves according to the 
following schema: incoming light waves from Waveguide 1 are routed to 
. waveguide 2; incoming light waves from Waveguide 2 are routed to 

Wav^ide 3. The Router is ideally retired to maintain the separation of 
the guided modes. For instance, the s-wave in Waveguide 1 should be 
routed to waveguide 2 as s-weve or p-wave only. In practice, one can use 
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a polarization-maintaining circulator in which there is minimal mode 
coupling. The lens system is used to concentrate the light energy into a 
small area, facilitating spatially resolved studies of the sanple in a 
lateral direction. The Polarization-selective Reflector (PSR) is to 
reverse the propagation direction of one of the two waves in Waveguide 2 
as it reaches the end of the waveguide while transmitting the orthogonal 
„ave. The PSR nay consists of a polarization sensitive beam splitter and 
a mirror as shown in Fig. 2. In the assembly the polarizing beam splrtter 
reflects one of the two waves, s-wave shown, while transmitting the 
other. The mirror, that can te directly coated on the team splitter, 
reflects the light that subsequently bounces from the splitter the second 
time before re-entering the waveguide through the tens System. 



lens system 
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Fifture 2 



* — o £ ™ Choice, - availaoie for the device « 

„, e colariziag beam splitter(s) and e aovable collator or mrror. that provrdes the 

a piezoelectric stretcher of polarization maintaining 

Using the above-mentioned optical system to acquire images of 
optical ^homogeneity in samples data sedition and control electronics 
must be added. A design diagram for such a system is sho«n in Fig. 3. 
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Figure 3 
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The electronic controller, according to the instructions from the human 
interface, executes an appropriate program that includes deliverxng 
driving signals to Modulator. VDGD and the moving mechanisms of Probing 
Head, taking and storing photo-electric signal from the detector, 
processing the stored information, sending signals and data to be 
displayed on Display Module. A preferred node of operation is described 
below. 

The light from the Source is typically partially polarized. It is 
preferable to align Polarizer 1 so that maximum amount of light is 
transmitted and that the transmitted light is coupled to both of the 
guided *cdes in waveguide 1 with the san* amplitude. If we designate the 
electric field transmitting the polarizer E, the electric fields rn 
Waveguide 1 in the two guided modes can be expressed as: 




(1) 



It should be appreciated that the light has a finite spectral width 
(broadband or partially coherent) . The fields can be described by the 
following Fourier integral: 

E = \E.e"dm . W 

For the si^licity of the analysis, let us first consider a thin slice of 
the spectrum, i.e. a lightwave of a specific wavelength. Without loosing 
generality we can assume all the components, including polarizers, 
waveguides. Router. PSR and VDGD. are lossless, ue us designate the 
reflection coefficient of the sa^le r, that is complex in nature. The p- 
wave picks up an optical phase, r. relative to the s-wave as they reach 
Polarizer 2: 
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through Polarizer 2 can be expressed by 



The intensity of the light that impinges on the photo-detector is given 
by: 

/=^:^Kt + H 2+2 H C0S(r+<5) l- (5) 

where phase angle 8 reflects the complex nature of the reflection 

coefficient of the sample and is defined by 

I 1 js ^ 
r = \r\e J . 



Now 



if we let Modulator to exert a sinusoidal phase nodulation, with 
nagnitude M and frequency CI, in the p-wave with respect to the s-wave, 
we can rewrite the light intensity as follows: 



1 + IH 2 |_,2 Hu2.„r,/ J ./nA J .-,x^ . (7) 



|£| 2 + Oj£| 2 cos[M sin(Q0 + <P + S] 



where phase angle f is the aerated phase slip between the two modes 
not including the pericdio adulation due to -adulator. We oan adjust the 
system, by means of the VDGD or the statio phase shift in Modulator, to 
eliminate <p. The waveform of I is graphically shown in Fig. 4. 
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MsinOt+S 



Figure 4 

^ the figure we can see that the detected light intensity exhibits an 
oscillating waveform that possesses a base frequency of SI and its 
„ics. The amplitudes of the base frequency and each of the harries 
are related to S and |r| . It is straightforward to derive the 
TO then*tical expressions for the relationships between r and the 
baronies. For instance, the anplitude of the base -frequency oscillation 
and the second harmonic are found to be: 

4, =0.5|£f/,(M)|r|sin5 ; 

^ o =0.5|2?|V 2 (M)Hcos<5 , 

where * and J 2 are Bessel functions of the first and second 
order, respectively. From Eq. (8a) and (8b) one can solve for 
|r| and 8, i.e. the complete characterization of r. We can 



(8a) 
(8b) 
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therefore completely characterize the complex reflection coefficient r by 
analyzing the harmonic content of various orders in the intensity 
^veform I. In particular, the presence of the base- frequency cc^nent 
in I is due to a finite 8. 

Now let us examine the consequence of having a broadband light 
source. When there is a significant differential group delay between the 
two propagation oodes there Mast be an associated large phase slippage <p 
that is wavelength depe.xJent. A substantial wavelength spread in the 
light source .leans that the phase slippage also possesses a substantial 
spread. Such a phase spread cannot be eliminated by a phase control 
device that does not also eliminate the differential group delay. In thxs 
oase the detected light intensity is given by the following integral: 



/ = + ^|£Wf cos[M sin(£K) + <pW + S] 



dX. O) 



It is easy to see that if the range of pW is comparable to n for the 
baixiwidth of the light source no oscillation in / can be observed as 
oscillations for different wavelengths cancel out because of their phase 
difference. This phenomenon is in close analogy to the interference of 
white light wherein color fringes are visible only when the path 
difference is snail (the film is thin) . 

The above analysis demonstrates that the use of a broadband light 
source enables range detection using the proposed apparatus. In order to 
do so, we must let the s-wave to have a lo^er optical path in the system 
compared to the p-wave (not include its rouxrf-trip between Probing Head 
and Sample) . For any given path le^th difference in the system there 
roust be a matching distance between Probing Head and Sample, z, that 
cancels out the path length difference. If an oscillation in / is 
observed the p-wave must be reflected from this specific distance z. By 
varying the path length difference in the system and record the 
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oscillation waveform we can therefore acquire the reflection coefficient 
r as a function of the longitudinal distance z, or depth. By movxng 
Probing Head laterally, we can also record the variation of r in the 
lateral directions. 

In sunroary. the described system can be used to acquire information 
regarding the optical inhc^geneity in a substance by measuring the 
oscillations in the detected light as a function of the lateral and 
longitudinal directions. The waveform can then be used to construct the 
spatially resolved complex reflection coefficient of the substance under 
study. 

The operation of the described system for acquiring images of 
optical inhomogeneity should include routines such as the one sho«n 
below: 
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Calculate I r| and < 
from the harmonics 



I 

Send data to Display 



Figure 5 

The above shown operation sequence allows us to display and store images 
of |r| and 8 as functions of the lateral and longitudinal directions. The 
data can be further used to determine the spatial distribution of the 
refractive index and the absorption coefficient of the substance under 
study, images of this kind should be of value to biomedical field for 
tissue examination and to the study of other layered structures such as 
oil paintings. 



-65- 



U S. PROVISIONAL APPLICATION 
ATTORNEY DOCKET NO. 17370 -004P01 



Other Embodiments 

Alternative to the optical design shown in Figure 1, there are other 
possible embodiments of the invention. One such embodiment is shown rn 
Figu re 6. in this design, the probing light is delivered to the 
sample through one dual -mode waveguide and the 
r e£leoted/soattered light is collected by another dual-mode 
waveguide. Shown in the figure. Waveguide 1 delivers the Ixght 
waves to the fiber tip. One of the two modes is reflected into 
Waveguide 2 while the orthogonal component impinges on the 
sample. The collection of the reflected/scattered light from the 
sample is through Waveguide 2. With this probing head, the 
mi rror (shown in Fig. 2, should be aligned so that the l.ght rs 
reflected into Waveguide 2 instead of Waveguide 1. The advantage 
of this design is the elimination of the optical circulator. 
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Figure 6 



yet another different entoodiment of the invention is shown 
in Figure 7 in which the design of the probing head is different from 
what is shown in Figure 1. In plaoe of the polarization-selective 
reflector, a polarization rotate device is utilized. Details of the 
probing head is shown in Figure 8. 
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Figure 7 



The effect of the polarization rotating device is to convert the 
state of polarization of the light returning from the sample to the 
orthogonally linear state. With this probing head design, the light rs 
couple into Polarization Maintaining Fiber 1 CEM Fiber 1) in only one of 
the two nodes, for instance, the polarization .ode aligned with the slow 
axis of the fiber, designated as s-state. The partially reflects 
surface of the fiber tip causes a portion of the light to reverse its 
propagation direction, raining polarized in the s-state. The other 
portion of the light exits the fiber and encounters the (farter-Wave 
Plate If the Quarter-Wave Plate is oriented in such a way that rts 
optical axis makes an 45-degree angle with the p-state. the light becomes 
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circularly polarized as it reaches the sample. If the sample is not 
depolarizing or birefringent the reflected/ scattered light remains 
circularly polarized. Before returning to the fiber, the 
reflected/scattered light encounters the Quarter-Wave Plate for the 
second time. Once again the Quarter Wave Plate alters the state of 
polarization of the probing light, making it linear, however, orthogonal 
to the s-state. Now there are two modes of light propagating in the 
averse direction, i.e., light in s-state reflected by the fiber tip and 
light in p-state reflected from the sample. 




Figure 8 



-69- 



U S PROVISIONAL APPLICATION 
ATTORNEY DOCKET NO. 17370-004P01 



10 



15 



20 



The light in the p-tate (from the sample) legs the s-state 
light because o£ the extra travel from fiber tip to the sample 
and returning. As in the first embodiment, the Variable 
Differential Group Delay (VDGD) devioe is utilized to equalize 
the optioal path of the two modes for ranging. The Modulator xs 
relocated to Polarization Maintaining Fiber 2 (PM Fiber 2) . The 
effect of the modulator is the same as described earlier, i.e.. 
to create a periodic phase difference between the two modes so 
that intensity oscillation in a desired fashion is generated. 

in all the above-mentioned embodiments there is a common 
and important feature - both the probing light and reference 
light travel in the same waveguides except for the extra 
distance traveled by the probing light between the probing head 
and the sample. This feature stabilizes the relative phase, or 
differential optical path, between the probing light and the 
reference light, even in the presence of mechanical movement of 
the fibers. This is in contrast to conventional fiber 
interferometers in which probing light and reference light 
travel in different branches of fiber, prone to noise caused by 
the variation in the differential optical path. The stability of 
the differential optical path, achieved in the invented system, 
is essential for the determination of the phase angle, 5. 
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Attachment II 



20 



25 



Presently, dependable gluoose monitors rely on taKing 

level in a noninvasive manner. 

,t is well known tnat. glucose ^"^^..^^ 
absorption peaks in '^""^^"onSUve Coring of glucose is due to 

shuts.?: sscss ' JM?"-=sr" trees 

dieting £. 5^,aS2.*SS"^S^» - ptoven 

difficult . 

wi-Ffirultv through "coherence gating", a 
This invention addresses the di.fi f iculty * of a particular 

technique by which one can WX»^ Tor C monitoring, the 

and designated layer beneath th * sk ^ *" er ^re glucose is concentrated 

designated layer is preferably the J ™ f r J g shQwn in Fig . x . 

in a network of blood vessels and interstitial tiuia. 

~"1 Epidermis 
-0.1 mm 



Dermis 
*» 1 mm 




Subcutaneous 



Figure . 

30 



35 



The coherence gating is accomplished by the use of a low 
C °Tg U rations1^^ 

shows 9 onf o^igfbasea on a Michelson interferometer. 
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s 




01 


L — r 






Epidermis 
Dermis 



S: Broadband NIR light source 
R: Mirror 

M~ Phase Modulator 
PBS1: Polarizing beam splitter 1 
PBS2. Polarizing beam splitter 2 
PR1: Polarization rotator 1 
PR2: Polarization rotator 2 
L: Focusing lens (optional) 
TBF: Tunable Band-pass filter 
D1: Detector 1 
D2: Detector 2 



Subcutaneous 



Figure 2 



»v,™ m i-hP liaht source emits broadband NIR 

one another. While one part is dire ^ towara the skin Q f a 
be the reference beam the other is ^ident t ^ 
patient. The two > Pol--at-n oTef^ct^'oeamf orthogonal to 
polarization states of the two rer recombined at PB S1 and 

their original states so that they " co ^ tunable bandpass 

propagate towards the detection subsystem. ™e tu 

rilter, TBF, allows a ^tnf Actors. ^ Liable mirror can 

reflected beams ^ distance t rom PBS1 matches that 

be positioned so that lts dista " c %"° m * *he skin Due to the 

with the help of the phase modulator. 

For the simplicity of description let us assume that^he 
wavelength dependent attenuation coef ^f^^™,, 
layer is »W and that of the de „ is £ '^J^^r. of 
coefficients are closely related to ^ 
the layers. Let us turtner a effective reflection 

vicinity of r(K^P » s ^ atea the epidermi s and the 

rerm'isrrnd Intertce^XX^eparates the dermis and the 
subcutaneous tissues. 

ret us first position the mirror at 1' to approximately 
m atch L Intrrface S X "The reflected light originated around the 
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interface creates an interfering echo whose amplitude is given 
by 

A, W = r,e 

where ,« is : ^^£^^^^T£*s 
^e^d^fe^riS^echo whose amplitude is given by 

A„W=r„e-"-' u --'"" v ' (2> 

< = t-h* thickness of the dermis. With the use o£ the 
where z d is the thicKness 01 ich the reference and 

phase adulator these echoes interfere wrth fale the 

d^c C t:r Pr ?rfc q uir thrrso^i^characteristics of the 
detector. ±u ^. . , _ lo s hv . Ea (1) to obtain 
dermis one can divide Eq. (2) by Eq. 

We have thus acquired, with Eq (3) the ^^ bance 

»W because of the weak wavelength dependence of scattering . 

, „ .h„ f f h<( sunerficial epidermis layer, owing to 
It I* tao ™ ^hat the super^c P ^ ^ absorption . 

its pigment =° n "^ S 0 f ^ however, the epidermis yields 

Because of the absence or diow, . with the invented 

no useful information for J ^^^spectrum of the 

S^^^SSS^S SnaHdvan a^f rom%nf 

the epidermis. It is known th a ^^ Ur ^ e ^ e glucoge monitoring, 
causes shifts of water absorption, hampering giuc 

in the above discussion it has been f"^^^^" 
^ a V ZZl t„n a ble filter is broad enough to facilitate trie 
band of the tunable x _ eantiine narrow enough to resolve 

coherence gating and at the meantime na examine whether the 

the characteristic glucose peaks. Let us now exami 
, assumption is reasonable and practical. 

It is — ^-«2-r$ sr. ssr-^ 

reside in a " avel ^f^ f r ^lse peaks are approximately 150 nm. To 
. resolve ?he T peaks dt let 0 us t c h ::s P e"he bandwidth of the tunable 
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handoass f uter to be around 30 nm. The depth resolution (gating 
abiUty) is determined by the following equatxon: 



0 . 1 mm and that 



The thickness o£ the epidermis is typically 0_1 mm an 
of the dermis typically 1 mm. The ^a^Hescrrbed above 

indi : o mfortriyres:re re both tt££S2?vX?«* *» — 
layers It is therefore feasible to isolate the absorbance 
s P ectrum o£ the dermis layer from the epidermis and the 
subcutaneous tissues. 




sari." .ass ' 

of the dermis. 



35 
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device sui ts a liquid-crystal cell or a ° £ 
polarization rotators and birefringent crystals. 

It should be appreciated that the use of the two detectors 
along with the second Polarizing bean, setter . PBS2. ^ 

nolse'rat^o.^t 1 ob^ous SSTSn. can simplify the design to 
include a single detector with a linear polarrzer. 



2 Embodiment with Non-polarized Beams 
the light energy reaches the detector. 



S: Broadband NlR light source 
R: Mirror 

M: Phase modulator 
BS: Beam splitter 
L: Focusing lens (optional) 
TBD. Tunable bandpass filter 
D: Detector 




Figure 4 



3 . Embodiment with Detector Array 

„ -i w„ resolved by a dispersive 

ooupted wU h an de arrIy Rectors ! with this designee speed 
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f riat-a acouisition can be substantially increased through 
t^l processing This design can also be reconfigured to 
r™da?rpo^ri 9 zed light beams, similar to what shown xn Fxg- 




S: Broadband NIR light source 
R: Mirror 

M: Phase modulator 
BS: Beam splitter 
L: Focusing lens (optional) 
G: Grating 
DA: Detector array 



Subcutaneous 



Figure 5 



10 



4. Embodiment without Spectrum Analyzer 

^^iSiSS^r^^ SeToU^!^ version 
20 shown in Fig . 4 . 

Without a spectrum analyzer the absorbance spectrum of the 

- SS5; ^■SSSSS.T^'S^'^ 
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S: Broadband NIR light source 
R: Mirror 

M: Phase Modulator 
PBS1: Polarizing beam splitter 1 
PBS2: Polarizing beam splitter 2 
PR1: Polarization rotator 1 
PR 2: Polarization rotator 2 
L: Focusing lens (optional) 
TBF: Tunable Band-pass filter 
01: Detector 1 
D2: Detector 2 



Epidermis 
Dermis 



Subcutaneous 



Figure 6 



10 



[00S9] only a few implementations are disclosed in this 
application. However, it is understood that variations and 
enhancements may be made. As an example, the device in FIG. 2 
on page 24 may have a second waveguide different from the 
waveguide 272 to direct both of the beams from the optical probe 
head 220 to the modulator 250 and the detection subsystem 260. 
in this design, the light director 210 may be eliminated. 



15 
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Claims 

What is claimed is what is described in the text and illustrated 
in the drawings, including: 

1. A method, comprising: 

guiding optical radiation in two optical modes through an 
optical waveguide towards a sample; 

directing radiation associated with one of the two modes to 
interact with the sample without allowing the other mode to 

reach the sample; 

collecting light reflected or backscattered from the 

sample; 

guiding optical radiation in the two modes through an 
optical waveguide to an optical detection module; 

converting the optical radiation in the two modes, at least 
in part, to a pair of new modes in the optical detection module; 
and 

detecting the intensities, including their temporal and 
spectral variations, of the pair of new modes to extract 
» information about the sample. 

2. The method as in claim 1, further comprising adjusting 
the relative optical delay between the two modes to generate 
intensity variation in the third mode. 
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3. The method as in claim 1. further comprising tuning the 
spectral distribution of the light radiation in said two modes 
to selectively measure one or more spectral components within 
the sample. 

4. The method as in claim 3, wherein a tunable bandpass 
filter is used to perform the tuning. 

5. The method as in claim 1, further comprising usingat 
least one polarization maintaining fiber to guide optical 
radiation. 

6. The method as in claim 5, wherein thetwo optical modes 
are two orthogonal polarization states. 

7. The method as in claim 5, further comprising controlling 
the two modes to be a common optical mode inside at least part 
of the at least one optical waveguide. 

8. The method as in claim 1, further comprising: 
controlling the optical radiation to be in a single optical 

mode before the radiation reaches the sample; and 
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controlling the reflected or backscattered light radiation 
from the sample to be in an independent optical mode. 

9. The method as in claim 1, further comprising: 
separating optical radiation in the detection module into 

different spectral components; and 

directing the different spectral components to different 

optical detectors to produce different detector outputs. 

10. A device, comprising: 
• an optical waveguide to guide optical radiation in two 

propagation modes; 

an optical probe head coupled to the optical waveguide to 
receive the optical radiation in the two modes, the optical 
probe head operable to (1) redirect one of the two modes back to 
the optical waveguide, (2) transmit the radiation in the other 
roode to a sample, and (3) receive and direct the reflected or 
backscattered radiation from the sample into the waveguide; and 

an optical detection module coupled to the optical 
waveguide to receive the radiation redirected by the probe head 
and to convert the two modes, at least in part, to a pair of new 
modes . 
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11. The device as in claim 10, wherein the optical 
waveguide is an optical fiber. 

12. The device as in claim 10, wherein the optical 
waveguide is a polarization maintaining fiber. 

13. The device as in claim 10, further comprising a 
differential delay device in an optical waveguide between the 
optical probe head and the optical detection module to modulate 
the relative optical path length of the two propagation modes. 

14. A device, comprising: 

an optical waveguide to guide an optical radiation in a 
first optical mode; 

an optical probe head coupled to the optical waveguide to 
receive the optical radiation, the optical probe head operable 
to (1) redirect a portion of the optical radiation back to the 
optical waveguide while transmitting the remaining radiation to 
a sample, (2) receive and direct the reflected or backscattered 
radiation from the sample into the waveguide, and (3) control 
the reflected or the backscattered light from the sample to be 
in a second optical mode different from the first optical mode; 
and 
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an optical detection module coupled to the optical 
waveguide to receive the radiation redirected by the probe head 
and to convert optical radiation in the first and second optical 
modes, at least in part, into a common optical mode. 

15. The device as in claim 14, wherein the optical 
waveguide comprises an optical fiber. 

16. The device as in claim 14, wherein the optical 
waveguide comprises a polarization maintaining fiber. 

17. The device as in claim 14, further comprising a 
differential delay device in an optical path between the optical 
probe head and the optical detection module to modulate the 
relative optical path length of the two propagation modes. 
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Abstract 

This application describes designs, implementations, and 
techniques for using an optical waveguide to direct optical 
radiation in at least one propagation mode to and from a sample 
to be examined. The consolidation of the different modes or of 
the different radiated parts in the same mode is utilized to 
extract information about optical irtoogeneity and other properties 
in the sample. 
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